ABSTRACT
INTRODUCTION

41
Type IV secretion systems (T4SS) export proteins and virulent effectors to other bacteria 42 and eukaryotic cells (1-3). They are also responsible for genetic exchange between 43 bacteria during conjugation (4, 5). T4SS are large macromolecular assemblies formed by 44 12 different protein subunits, named VirB1 to VirB11 and VirD4, following 45
Agrobacterium tumefaciens T4SS nomenclature. Three of these proteins (VirD4, VirB4 46 and VirB11) are hexameric ATPases (6-8) that provide the energy for substrate transport 47 and T4SS biogenesis. 48
49
VirB11 proteins are traffic ATPases that belong to a large AAA + ATPase secretion protein 50 superfamily, which also includes proteins of type II secretion systems, type IV pilus 51 biogenesis and archaeal flagellae assembly machineries (9). All of them are soluble, 52
hexameric proteins located at the cytoplasmic side of the inner membrane. The monomer 53 is characterized by the presence of an N-terminal domain (NTD) and a C-terminal domain 54 (CTD), connected by a flexible linker that plays a key role in the catalytic cycle (10) (11) (12) . 55
Comparison of the crystal structures of VirB11 from Brucella suis (13) and its homolog in 56
Helicobacter pylori, HP0525 (10, 14) , revealed that this linker is responsible for a large 57 domain swap of the NTD over the CTD without affecting the hexameric assembly (13). 58
59
VirB11 was reported to assist VirB4 during pilus biogenesis by dislocating pilin subunits 60 from the inner membrane to the periplasmic space, thus promoting pilus polymerization 61 (15). VirB4 proteins are the largest and most conserved components of T4SS. TrwK, the 62 VirB4-homolog of plasmid R388, consists of a hexameric double ring with a barrel-shaped 63 structure (16). The atomic structure of the C-terminal domain of the VirB4-homolog in 64
Thermoanaerobacter pseudethanolicus was obtained recently (17), revealing a striking 65 on October 28, 2017 by guest http://jb.asm.org/ Downloaded from 7 respectively), by affinity chromatography. TrwD and TrwK, the later cloned with a 141
Histidine-tag in the N-terminal domain (His-TrwK), were co-expressed in C41 cells. 142
Interactions were followed by Western-blot analysis of complexes eluted from Ni-NTA 143 affinity columns. Fractions eluted from the column revealed the presence of His-TrwK / 144
TrwD complexes when analyzed with anti-TrwD antibodies (Fig.1B) . These fractions 145
were also positive for anti-TrwK antiserum (Fig. A1 ). To corroborate this interaction, 146
TrwD was cloned with a His-tag at the N-terminus and was co-expressed with TrwK. 147
Interactions were followed in the same manner than above. Fractions eluted from the 148 affinity column and analyzed by Western-blotting with antibodies against TrwK revealed 149 the presence of His-TrwD/ TrwK complexes ( hydrolysis by TrwD, as a mutant variant on the Walker A motif (TrwD_K203A) was also 152 able to interact with TrwK (Fig.1C) ATPase activity of the protein, since removal of the last -helix of TrwK induced a large 160 increase in ATP turnover relative to wild-type TrwK (27). This auto-inhibitory region 161 prevents futile ATP hydrolysis, suggesting that interaction with specific partners of the 162 transport machinery could stimulate TrwK ATPase activity. This -helix, however, is not 163 involved in TrwK-TrwD interaction, since the TrwK (1-801) mutant binds TrwD with the 164 same efficiency as the wild type protein (Fig. 1D) VirD4-VirB11 interaction had previously been obtained by immunoprecipitation assays 231 (21). This VirD4-VirB11 interaction, which is independent of other T4SS subunits, is the 232 first step in substrate transfer. Here, we decided to prove the interaction between TrwD and 233 TrwB, the VirB11 and VirD4 homologs of plasmid R388, by affinity chromatography. His-234
TrwB (TrwB with a his-tag in the N-terminal domain) and TrwD were co-expressed in C41 235 cells and treated as described above. As in the case of His-TrwK, TrwD was retained in the 236 column in the presence of His-TrwB (Fig. 4A) (Fig. 4B) . As a control, we co-240 expressed His-TrwB with Trb_RP4, the TrwD homolog without the linker region, and we 241 did not observe any interaction (Fig. A2) . 242 243 Next, we tested the interactions between His-TrwB and TrwK. As shown in Fig. 4C , the 244 intensity of the TrwK band was much higher than that of TrwD, suggesting that TrwB 245 interacts with TrwK with higher affinity than TrwD. This result is in agreement with our 246 previous work in which we showed that TrwK inhibits the DNA-dependent ATPase 247 activity by TrwB (16). It is also in agreement with a recent work reporting the interactions 248 between PrgJ and PcfC, the VirB4 and VirD4 homologs in E. faecalis pCF10 plasmid (33) . 249 250 Finally, we explored the possibility that the presence of TrwK might affect the interaction 251 between TrwD and TrwB. The three ATPases were co-expressed in C41 cells at the same 252 time. As shown in Fig.4D a His-tagged TrwB was able to retain the other two ATPases in 253 the affinity column, suggesting that they could form ternary complexes. Interestingly, the 254 intensity of the TrwD band was again lower than that of TrwK. Moreover, the observed 255 intensities were similar to those obtained when each of the ATPases was assayed against 256
His-TrwB separately. 257
258
DISCUSSION
259
VirB11 proteins play an essential role in pilus biogenesis and substrate secretion (15, 34) . 260
This dual function suggests that VirB11 acts as a molecular switch between these two 261 distinct events in T4SS. Bacterial two hybrid analysis and co-immunoprecipitation assays 262 revealed that VirB11 is able to interact with the other two motors in T4SS, VirB4 and 263 TrwK, as there is evidence for a partnership between these proteins during pilus 295 morphogenesis (15). In this work, we demonstrate that the formation of TrwK-TrwD 296 complexes is not dependent on ATP hydrolysis and that the regulatory C-terminal domain 297 of TrwK (27) is not involved in these protein-protein interactions. However, truncated 298 variants of TrwD, including either the NTD or the CTD were unable to interact with TrwK, 299 suggesting that the linker region between both domains plays an essential role in these 300 
